Abstract: Patients with cerebral amyloid angiopathy (CAA) show loss of white matter connectivity and cortical thinning on MRI, primarily in posterior brain regions. Here we examined whether a potential causal relationship exists between these markers of subcortical and cortical brain injury by examining whether changes in cortical thickness progress in tandem with changes in their underlying connections. Thirty-one patients with probable CAA with brain MRI at two time points were included (follow-up time: 1.3 6 0.4 years). Brain networks were reconstructed using diffusion MRI-based fiber tractography. Of each network node, we calculated the change in fractional anisotropy-weighted connectivity strength over time and the change in cortical thickness. The association between change in connectivity strength and cortical thickness was assessed with (hierarchical) linear regression models. Our results showed that decline in posterior network connectivity over time was strongly related to thinning of the occipital cortex (b 5 0.65 (0.35-0.94), P < 0.001), but not to thinning of the other posterior or frontal cortices. However, at the level of individual network nodes, we found no association between connectivity strength and cortical thinning of the corresponding node (b 5 0.009 6 0.04, P 5 0.80). Associations were independent of age, sex, and other brain MRI markers of CAA. To conclude, CAA patients with greater progressive loss of posterior white matter connectivity also have greater progression of occipital cortical thinning, but our results do not support a direct causal relationship between them. The association can be better explained by a shared underlying mechanism, which may form a potential target for future treatments. Hum Brain Mapp 38:3723-3731, 2017. 
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INTRODUCTION
Cerebral small vessel disease (SVD) is an important cause of dementia in the elderly (Roman et al., 2002) . On brain imaging, patients with SVD show loss of white matter connectivity (Pasi et al., 2016) and thinning of the cortical mantle (Lambert et al., 2015) . These imaging markers often co-occur in the same patient, suggesting an intriguing interplay between primarily subcortical and cortical injury.
The patterns of white matter connectivity loss and cortical atrophy have been well described in patients with cerebral amyloid angiopathy (CAA) , Fotiadis et al., 2016 . CAA is a common subtype of SVD, characterized by the deposition of amyloid bèta in the wall of small cortical blood vessels. An interesting characteristic of CAA is that the pathology preferentially affects the posterior cerebral territory, with the highest occurrence of amyloid in the vessels of the occipital cortex (Vinters and Gilbert, 1983) . In line with the predominant posterior distribution of amyloid pathology, diffusion tensor imaging (DTI) studies have shown that white matter connections between posterior cortical regions are most prominently affected in CAA and show the greatest progression over time , Reijmer et al., 2016b . Cortical atrophy in CAA also appears to occur in posterior brain regions, and in the superior frontal cortex in patients compared to age-matched controls (Fotiadis et al., 2016) . Importantly, in this study, reduced cortical thickness was observed in sporadic CAA and in younger adults with Dutch-type hereditary CAA, an essentially pure form of CAA with minimal Alzheimer's pathology (Fotiadis et al., 2016) .
The above findings raise the question whether a causal relationship exists between white matter connectivity loss and cortical thinning in CAA. Vascular lesions in the white matter may cause axons to degenerate, ultimately leading to dysfunction and loss of cortical cell bodies (Duering et al., 2015) . Alternatively, neuronal dysfunction in CAA may start in the cortex around the amyloid-laden vessels, subsequently triggering myelin loss and degeneration of the connecting axons. If such a direct mechanistic link exists between subcortical and cortical brain injury in CAA, the structural changes in white matter network connections are expected to be proportional to the reduction in thickness of the cortical region to which they connect. A spatial association between cortical atrophy and white matter diffusion alterations has been demonstrated in patients with Alzheimer's disease (Canu et al., 2010 , Wisse et al., 2015 , and in patients with acute ischemic infarcts (Duering et al., 2015) , but in the context of chronic SVD, such as CAA, these mechanisms remain unclear.
We tested our hypothesis in a longitudinal cohort of patients with CAA using a network-based approach that integrated diffusion-based fiber tractography and cortical parcellation methods. We also evaluated the potential effect of other brain MRI markers of CAA (i.e., microbleeds, white matter hyperintensities (WMH), and superficial siderosis) on this relationship.
METHODS

Study Participants
Data were obtained from an ongoing single-center longitudinal cohort study on the natural history of CAA. The Institutional Review Board of the Massachusetts General Hospital approved the study and informed consent was obtained from all participants or their surrogates.
A detailed description of the patient recruitment and selection can be found in (Reijmer et al., 2016b) . In brief, 33 nondemented patients with probable CAA defined by the Boston criteria (Knudsen et al., 2001) , recruited through the stroke clinic between May 2006 and March 2015, with available brain MRI sequences at two time points, including a diffusion-weighted imaging sequence and T1-weighted 3D spoiled gradient recalled-echo, were considered for the study (mean follow-up time was 1.3 6 0.4 years, range: 1-2 years). We have previously been able to detect changes in hemorrhages (Greenberg et al., 1999) , WMH volume (Chen et al., 2006) , and white matter connectivity (Reijmer et al., 2016b) in patients with CAA within this time period. Exclusion criteria for participation in the study were dementia, a diagnosis of neurological disease other than CAA, and contraindication to MRI. Patients with a bilateral ICH, and patients with missing or low-quality diffusion and/or structural MRI scans (n 5 2) were excluded, leaving 31 patients for the current analysis. Data analysis was performed from March to August 2016. Baseline characteristics of the study sample are given in Table I . The research 1.5 T MRI scan (Siemens) included a T1-weighted 3D spoiled gradient recalled-echo (SPGR), a 2D fluid attenuated inversion recovery (FLAIR), susceptibility-weighted imaging (SWI) (see for details ), and a diffusion-weighted imaging sequence (details below).
3 2 3 2 mm) were analyzed and processed in ExploreDTI (www.exploredti.com) in accordance with our previous studies (Reijmer et al., , 2016b . In brief, HARDI scans were corrected for subject motion and eddy current induced geometric distortions and the diffusion tensors were calculated using the RESTORE approach (Chang et al., 2012) . For each dataset, whole-brain white matter tractography was performed using deterministic streamline constrained spherical deconvolution (CSD) (Jeurissen et al., 2012) . The whole-brain fiber tract reconstructions were parcellated into 78 cortical gray matter regions or "nodes" (39 for each hemisphere) using the automated anatomical labeling atlas (AAL) (Tzourio-Mazoyer et al., 2002 ) (see Supporting Information, eTable 1). To avoid partial volume effects of grey matter tissue and cerebral spinal fluid, the fractional anisotropy (FA) of the white matter was thresholded at 0.2. To account for the effects of ICH on structural connectivity, we limited our analysis to the network of the ICH-free hemisphere. For patients without ICH, we randomly selected the left or right hemisphere resulting in 15 left and 16 right hemispheric networks. For each cortical network node, we calculated the mean connectivity strength, here defined as the mean FA of the white matter fiber tracts connected to that node (Fig. 1) . Overall, DTI connectivity values obtained using similar methods have shown to have high reproducibility (ICC: 0.8-0.9) (Bonilha et al., 2015; Welton et -al., 2015) . In particular for the FA-weighted nodal connectivity strength, within-subject variability has shown to be much smaller than between-subject variability (Buchanan et al., 2014) .
Cortical Thickness Measurements
Three-dimensional cortical surface reconstruction was performed on the 3D SPGR images (voxel sixe: 1 3 1 3 1 mm, field of view: 256 3 256 3 176 mm) using the FreeSurfer software suite (https://surfer.nmr.mgh.harvard.edu, version 5.3.0) . Freesurfer has shown to have high reproducibility Flowchart of the brain network reconstruction. For each subject, whole-brain fiber tract reconstructions (A) were parcellated into 78 cortical regions according to a standard grey matter atlas (B). Only the network of the hemisphere free of intracerebral hemorrhages was examined. Each cortical region represents a network node (red spheres). The connectivity strength (i.e., the mean FA of all connected white matter tracts) and the mean cortical thickness of each node were calculated. Two types of analyses were performed: mean change in posterior network connectivity strength was related to change in lobar cortical thickness (C) and change in connectivity strength of each individual posterior node was related to change in cortical thickness of the corresponding node (D). [Color figure can be viewed at wileyonlinelibrary.com] and is therefore suited to assess cortical change over time (Clarkson et al., 2011 , Li et al., 2015 . Freesurfer was also found valid for use in stroke populations (Li et al., 2015) . The average cortical thickness of each ICH-free hemisphere per subject was calculated as previously described (Fotiadis et al., 2016) . All the results of the cortical surface reconstruction were visually examined, and manual interventions were performed, if necessary by PF who was blinded to the clinical patient characteristics (other than the presence of ICH) and DTI results, to ensure the most accurate segmentation. Whole-brain cortical thickness measurements were then parcellated into 78 cortical regions using the same AAL template utilized for the aforementioned network reconstruction.
Other Neuroimaging Markers of CAA-Related Brain Injury
Lobar microbleeds were identified on axial SWI sequences and lacunes of presumed vascular origin on both axial FLAIR and SPGR sequences according to current consensus criteria (Wardlaw et al., 2013) . Because very high microbleed counts and differences in slice thickness and orientation of SWI scans at baseline vs follow-up can result in fluctuations that do not reflect actual appearance of new microbleeds, we categorized the number of new microbleeds into 0-2, 3-9, and 10 or more new microbleeds. The categories are postulated to reflect mild, moderate, and severe progression. An incident lacune that appeared between baseline and follow-up was only observed in one patient; this variable was therefore disregarded from analysis. The presence of cortical superficial siderosis was defined as linear gyriform areas of low signal along the superficial layers of the cerebral cortex on axial SWI images as described in Charidimou et al. (2016) . White matter hyperintensity (WMH) volume was calculated using a semiautomated method based on thresholding the segmented white matter FLAIR intensity maps (see for more detail, Reijmer et al., 2016a) . All the results generated by this algorithm were manually checked to verify their accuracy and adjusted if necessary. To account for between-subject differences in head size, WMH volumes were expressed as percentage of the total intracranial volume (ICV).
Statistical Analysis
Our statistical analyses were performed as follows: First, we investigated whether the previously observed decline in posterior network connectivity strength in CAA (Reijmer et al., 2016b) was associated with cortical thinning in the posterior and frontal cortices using linear regression analysis. We used averaged lobar cortical thickness as an outcome measure to minimize the number of comparisons (see Supporting Information, eTable 1 for the grouping of AAL regions into lobes). We also plotted the association with cortical thickness of each individual network node. This exploratory analysis was uncorrected for multiple comparisons and solely served to verify whether the significant associations with averaged lobar thickness were justified and not driven by a single regional outlier.
Second, we assessed the association between change in connectivity strength of each of the 22 posterior network nodes and cortical thinning of the corresponding node, using hierarchical linear models (n 5 682: 22 nodes 3 31 patients). We accounted for the shared variance between nodes of the same patient by including subjects as random effect. Before entering all network nodes into one model, connectivity strength/thickness values were standardized into z-scores using the mean and standard deviation of the patient sample at baseline.
All analyses were adjusted for age, sex, and secondarily for follow-up time.
Finally, we explored whether the significant associations between connectivity and cortical thickness were independent of other brain MRI markers of CAA (i.e., change in WMH volume, number of (new) lobar microbleeds, presence of lacunes, and presence of superficial siderosis). We first established whether there was an association between CAA MRI markers and connectivity/cortical thickness with Pearson correlations and independent T-tests for quantitative and dichotomous MRI variables, respectively. CAA imaging markers that were significantly associated with the primary outcome measures were then entered as additional covariate in the multivariate regression models. All statistical analyses were performed using SPSS v.23 (IBM Corporation, Chicago, IL).
RESULTS
Posterior-Frontal Decline in Network Connectivity and Cortical Thinning
The FA-weighted connectivity strength of posterior network nodes declined between baseline and follow-up (mean difference 6 SEM: 20.005 6 0.002, P 5 0.02), but not of frontal network nodes (20.001 6 0.003, P 5 0.69), in line with our previous report (Reijmer et al., 2016b) . With respect to cortical thickness, a similar posterior-to-frontal gradient was observed although with smaller effect sizes: a trend was found for thinning of the posterior cortex (20.23 6 0.013 mm, P 5 0.09), whereas no thinning was seen in the frontal cortex (20.004 6 0.012 mm, P 5 0.77).
Posterior White Matter Connectivity Loss and Cortical Thinning: Association Across Subjects
Decline in mean connectivity strength of all posterior network nodes was related to thinning of the occipital cortex (standardized regression coefficient (95% CI): b 5 0.65 (0.35-0.94), P < 0.001; Table II and Fig. 2A ), but not with thinning of the other posterior cortices (parietal and temporal) or frontal cortex (P > 0.29, Table II ). Figure 2B shows the color-coded map of the correlation between 
Posterior White Matter Connectivity Loss and Cortical Thinning: Association Across Network Nodes
We reasoned that if progressive loss of white matter connectivity was the direct cause of cortical thinning or vice versa, there would be an association between change in connectivity strength and change in cortical thickness at the level of single network nodes. We therefore pooled all posterior network nodes of all subjects in hierarchical linear model analysis (see methods). Results showed no association between change in connectivity strength of each individual node and cortical thinning of the same node (b 5 0.009 6 0.04, P 5 0.80, Fig. 3 ). Baseline connectivity strength did not predict change in cortical thickness of the corresponding node (b 5 0.04 6 0.05, P 5 0.35) and baseline cortical thickness did not predict change in nodal connectivity strength (b 5 20.04 6 0.04, P 5 0.20).
Similar results were found when limiting the analyses to the six occipital nodes (data not shown). 
Association With Other
DISCUSSION
We found that progression of posterior white matter connectivity in CAA is strongly related to thinning of the subject's occipital cortex, a region known to show the greatest accumulation of CAA-related pathology on autopsy (Vinters and Gilbert, 1983) . The lack of a nodalspecific association between progression of connectivity strength and cortical thinning, however, indicates no direct causal relationship between the two processes.
White matter injury, in the form of WMH and lacunar infarcts, has been associated with cortical thinning in cross-sectional studies, independent of age (Reid et al., 2010 , Lambert et al., 2015 . However, previous studies did not assess regional associations, taking into account the way in which white and grey matter regions are connected. Only one study in patients with CADASIL used fiber tractography to demonstrate that lacunar infarcts can induce cortical thinning in remotely connected cortical regions (Duering et al., 2015) . Cortical regions connected to fiber tracts which were affected by a lacunar infarct showed more thinning over time than cortical regions elsewhere in the brain. These findings lead to the intuitive hypothesis that cortical atrophy in patients with SVD occurs secondary to axonal injury within tracts connected to those cortical areas.
We did not find support for such a direct causal link between the loss of white matter connectivity and cortical thinning or vice versa in CAA. Unlike in the abovementioned study in patients with CADASIL, (incident) lacunes were relatively uncommon in our patient sample. Instead, our patients seemed to experience more diffuse changes in white matter structure, reflected by a widespread decrease in FA in the posterior part of the brain. Although decline in posterior white matter microstructure was indeed related to thinning within the posterior cortex (i.e., occipital cortex), our results clearly demonstrate that this relationship was not present at the level of single network nodes.
Our data are instead consistent with a model in which advanced CAA serves as the common triggering condition for (otherwise independent) processes of white matter connectivity loss and cortical thinning. A potential mechanism through which CAA can independently affect grey and white matter tissue is by disturbing cerebral perfusion. The deep white matter is said to be more susceptible to disturbances in cerebral perfusion than cortical grey matter because it lacks collaterals that can compensate for local reductions in blood flow (Iadecola, 2013) . This fits well with our finding of more prominent longitudinal changes in white matter connectivity than in cortical thickness. Furthermore, changes in white matter connectivity were diffuse and involved all posterior brain network connections, whereas the accompanied cortical thinning was restricted to the occipital cortex, a region where we expect the largest deposition of vascular amyloid Gilbert, 1983, Thal et al., 2003) . More direct support for vascular dysfunction as a common mechanism for both cortical and subcortical brain injury in CAA comes from studies using event-related functional MRI to assess cerebrovascular reactivity in vivo. Those studies showed that impaired cerebrovascular reactivity in CAA is related to both greater WMH volume (Dumas et al., 2012 , Peca et al., 2013 and reduced cortical thickness (Fotiadis et al., 2016) . Unfortunately, vascular reactivity measurements were not available in a substantial proportion of this study subjects and therefore could not be statistically evaluated.
The neuropathological correlates that underlie both cortical thinning and white matter connectivity loss in CAA remain to be determined. On autopsy, the severity of CAA has been positively correlated with the severity of subcortical white matter damage, including loss of myelin, loosening of parenchymal tissue, and dilated perivascular spaces (Esiri et al., 2015) . In addition, small microscopic infarcts in the cortex and white matter have been suggested as a key pathological correlate of CAA (Soontornniyomkij et al., 2010 , Smith et al., 2012 . The combination of CAA deposition and hypoperfusion may particularly promote the development of cortical microinfarcts (Okamoto et al., 2012) , which could explain part of the cortical thinning in regions with advanced CAA, such as the occipital lobe. However, to date, radiologic-pathologic studies that directly link DTI and cortical thickness MRI measures to underlying histopathological abnormalities in patients with CAA are lacking.
An advantage of our study is the use of DTI to quantify subcortical tissue injury in contrast to WMH volumes. DTI parameters such as FA have shown to be more sensitive to functionally relevant structural abnormalities in the white matter than WMH volume and can even precede the development of WMH (Vernooij et al., 2009 , de Groot et al., 2014 . Furthermore, by reconstructing brain networks with fiber tractography, we were able to link white matter injury to cortical thinning on the basis of whether those two regions were connected, which is not possible with voxel-based methods. Our analysis also had notable limitations. Our sample size was relatively small, which could have affected our ability to find statistically significant associations in the analyses across subjects. The lack of a nodal association, however, is unlikely explained by a lack of power as all nodes of all patients were entered together in hierarchical linear models. It is conceivable that the reliability of our DTI and cortical thickness measurements were (unequally) affected by CAA-related hemorrhagic pathology. As in previous studies , Fotiadis et al., 2016 , analyses were applied on the hemisphere that was not affected by ICH. Furthermore, ICH and microbleed burden were not related to change in posterior network disruption and cortical thinning and were also not related to DTI and cortical thickness measures in cross-sectional studies , Fotiadis et al., 2016 . Another possibility is that the contribution of different degenerative and vascular pathologies to the white and grey matter changes prevented us from finding a nodal-specific association. All patients were diagnosed with probable CAA without dementia, which increases the probability that CAA is the dominant pathology, but it is possible that some patients also had concurrent pathologies such as Alzheimer's disease (i.e., parenchymal plaques and tangles). It is, however, unlikely that the cooccurrence of Alzheimer's pathology has prevented us from finding a nodal-specific association between cortical thinning and loss of network efficiency, as regional associations between white matter connectivity and grey matter volume have been reported in patients with early Alzheimer's disease, specifically in the temporal lobe (Wisse et al., 2015) . Furthermore, CAA has shown to have an independent effect on cortical thinning as demonstrated in patients without (Fotiadis et al., 2016) and with Alzheimer's disease (Samuraki et al., 2015) . This study subjects had advanced CAA which increased our power to detect changes in brain MRI markers over time. On the other hand, it would be informative to also investigate the association between cortical thinning and white matter connectivity loss at an earlier stage of the disease or in patients with a hereditary CAA, when the possible confounding effect of non-CAA-related mechanisms implicated in these processes is limited.
Another important limitation of this study is the lack of data on in vivo amyloid imaging and cerebral blood flow in the majority of subjects which prevented us from testing the association with regional amyloid deposition and vascular physiology. Future studies should integrate DTI and structural imaging results with measures of cerebral blood flow and vascular regulation to gain more insight into underlying mechanisms.
In conclusion, our findings show that CAA patients with greater progressive loss of posterior white matter connectivity also have greater progression of posterior cortical thinning, but do not support a direct causal relationship between the two. The association can be better explained by a shared underlying mechanism, such as vascular dysfunction due to CAA pathology. The possibility of a common mechanism independently promoting deterioration of both cortical and subcortical brain areas suggests a potentially key target for future treatments aimed at preventing CAA-related cognitive impairment and neurologic disability.
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